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Tunable X-rays

Elemental specificity, spatial resolution, penetrating 

power, inner-shell atomic physics

High Repetition Rate
High average X-ray power without sample damage
Signal averaging

Ultrafast Time resolution and Synchronization
Required for all dynamics studies
Freezing atomic motion, femtosecond dynamics

Controlled, intense pulses
Single-shot applications, nonlinear effects
Limit flux/pulse
Avoid sample damage 

Coherence
Monochromatic source
Transverse coherence for small focus
High degeneracy (Nphotons per optical mode)

250 as – 500 fs pulses

~100 eV – 1 keV
harmonics to 5 keV

10-100 kHz
1-100 MHz possibility
Watts to 10’s Watts X-ray power

Source Requirements for a New Light Source in the 
Soft X-Ray and VUV

50 µJ in 50 fs = 1 GW
50 µm focus = 4x1013 W/cm2

1 µJ in 50 fs = 20 MW
50 µm focus = 8x1011 W/cm2

Close to Fourier transform limit
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Concept for a High-Repetition Rate, Seeded,
VUV–Soft X-ray FEL Facility

Array of 10 configurable FEL beamlines, up to 20 X-ray beamlines
100 kHz CW pulse rate, capability of one FEL having MHz rate

Independent control of wavelength, pulse duration, polarization
Each FEL configured for experimental requirements;

seeded, attosecond, ESASE, mode-locked, echo effect, etc 

Beam transport and 

switchingCW superconducting linac
~2.4 GeV

Laser systems,
timing & synchronization

Low-emittance, 
MHz bunch rate 

photo-gun
� 1 nC

�1 mm-mrad

Injector

Laser 
heater Bunch 

compressor
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LBNL R&D goals

Develop a credible machine pre-conceptual design
Develop technologies to reduce risk and costs
Build expertise and demonstrate competence in critical technologies 
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LBNL R&D activities
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High quantum yield multi-alkali cathodes for 
psec pulsed electron sources
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Photocathode Laser (1)

1 MHz
1 mJ @ 1064 nm (1 W)

~0.4 mJ @ 532 nm (0.4 W)
~1 ps FWHM

Oscillator AOM
Pre-

Stretcher

Pre-Amps 1-2

Stretcher

Pre-Amp 3

Final AmpCompressor
Frequency
Conversion

Pulse
Shaper

Built by LLNL
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Photocathode Laser (2)

• Passively mode-locked cryo Yb:YAG laser  

• Use a pulse picker to reduce the repetition rate to as low as 100 kHz 

• Amplify the resulting pulse train in a 4-pass cryo Yb:YAG laser

100 to 300 W!

0.1 mJ per pulse

Built by Q-Peak and MIT-LL
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A High Rep-rate VHF Cavity Electron Gun
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A High Rep-rate VHF Cavity Electron Gun

Frequency 187 MHz

Operation mode CW

Gap voltage 750 kV

Field at the cathode 19 MV/m

Q0 30887

Shunt impedance 6.5 MΩΩΩΩ

RF Power 90 kW

Stored energy 2.3 J

Peak surface field 24 MV/m

Peak wall power density 25 W/cm2

Accelerating gap 4 cm

Diameter/Length 70/35 cm

Operating pressure < 10-11 Torr

UHV systems

Multiple laser 
ports
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VHF Gun Cavity Fabrication
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Injector beam dynamics
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APEX
Advanced Photoinjector EXperiment

Beam dump

Diagnostic 
beamlines

Cathode mounting & vacuum 

load-lock mechanism

•• RF, Gun, Cathode, & Laser tests in the ALS Beam Test Facility (BRF, Gun, Cathode, & Laser tests in the ALS Beam Test Facility (BTF)TF)
• Cavity RF conditioning planned for late summer

30-40 MeV 
booster

Currently funded 
for Phase-I: gun 

& photocathode 

Laser systems on 
roof (not shown)
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Multi-physics, high resolution modeling
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Multi-physics, high resolution modeling
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18

Develop methods to control
the phase-space of beams 

Close to ideal
(core is “flat”)

Not so ideal
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Transmission line adder pulser
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Development of undulator technology 
can have great impact on machine size and cost
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Next-generation variable polarization undulators 
for soft x-ray FEL’s

• “Traditional” approach:

– Different methods for coil-to-coil transitions

• Can use NbTi or Nb3Sn

– BNb3Sn/BNbTi~1.4

• Variable polarization using a 4-quadrant array of coil-series, offset in z 
by �/4 (coil series � and �)

Electron beam
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e

A new approach to short period undulators

cuts in YBCO tapecurrent

1st Layer

2nd Layer

to next layer

joint

Lithography Mask

HTS tape stacks
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FEL design
Synchronized two-color attosecond pulses
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Example with seed at 30 nm, radiating in the water window

First stages amplify low-power seed

300 MW output at 3.8 nm 
(8th harmonic) from a 

25 fs FWHM seed

1 GeV beam
500 A

1.2 micron emittance
75 keV energy spread

Modulator
λλλλ=30 nm, L=1.8 m

Modulator
λλλλ=30 nm, L=1.8 m

Radiator
λλλλ=3.8 nm, L=12 m

100 kW
λλλλ=30 nm

FEL design
HHG Seeded FEL

M. Gullans, G. Penn, and A.A. Zholents, “Performance study of a soft X-ray harmonic generation FEL seeded with 
an EUV laser pulse”, Optics Communications 274, 167-175 (2007)
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Timing & synchronization is critical for X-ray FELs
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Timing & synchronization system implementation
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Signal fiber
(km)

• Changes in line length are sensed by interferometer, beat signal sent to receiver (55 MHz)

• Receiver applies phase shift to frequency shifter RF, stabilizing optical phase at end

• Optical phase correction is used to calculate RF phase shift

• Thermal drift of beat fiber delay is ~1ns, becomes 0.5fs of optical phase error on main

• CW laser is absolutely stabilized

• Detection of fringes is at receiver

• Signal paths not actively stabilized are temperature controlled
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Next: attosecond timing
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Path to Higher Detector Readout Speeds
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